In this study, the adaptability of a semi-active top-story isolation system with an MR damper for reduction of seismic responses of tall buildings has been investigated. To this end, a 20-story building structure was selected as an example. Low damping elastomeric bearings and an MR damper were used to compose a smart top-story isolation system. Artificial earthquakes generated based on design spectrum were used for structural analyses. A fuzzy logic controller (FLC) was used to control an MR damper and the FLC was optimized by multi-objective genetic algorithms (MOGA). Numerical simulations show that a smart top-story isolation system can effectively reduce both structural responses and isolation story drifts of the building structure compared to a passive system.
Introduction
The use of a base isolation system is a well-known approach in the seismic design of low-rise buildings. However, for technical reasons, this base isolation system cannot be effectively applied to high-rise buildings [1, 2] . The natural periods of tall buildings are relatively long, and changing the first mode of vibration requires a large flexibility in the isolation mechanism. This is considered a major technical problem, especially if a large misalignment of vertical force on the isolator is expected. The vertical stiffness of the isolator is also a technical concern. Based on these problems, a top-or mid-story seismic isolation system has been proposed [3, 4, 5] . The isolated upper stories of the tall building structure with a top-or mid-story seismic isolation system are rolled to act as a large tuned mass damper (TMD). Recently, smart base isolation strategies have been widely studied as novel mitigation techniques to reduce structural damage caused by severe loads. Current literature shows that a smart base isolation system can reduce base drifts without accompanying increases in acceleration that are seen with passive strategies [6, 7] . Several researchers have investigated the use of semi-active smart dampers for seismic response mitigation as a component of a hybrid control system [7, 8] . Control methodologies for these semi-active smart base isolation systems include fuzzy control [8] , sliding mode control [9] , clipped-optimal control [7] , and others. It has been shown that smart base isolation can protect low-rise building structures in extreme earthquakes without sacrificing performance during more frequent, moderate seismic events. However, a smart top-story isolation system for tall buildings has not been fully investigated to date. Therefore, the control performance of a smart top-story isolation system for a building structure subjected to seismic excitation was investigated in this paper. A smart top-story isolation system consists of MR dampers and low damping elastomeric bearings and a fuzzy logic controller (FLC) was used to control an MR damper [10] . A multi-objective genetic algorithm (MOGA) was selected to optimize the fuzzy rules and membership functions of FLC.
Analytical models and artificial earthquake load
In this study, a typical 20-story building, as shown in Figure 1(a) , and an example building with a smart top-story isolation system, as shown in Figure 1(b) , are employed as example structures for evaluating the control performance of a smart top-story isolation system. Each building is represented by a shear building model with 20 DOFs. As shown in Figure 1 (b), a smart top-story isolation system consists of an MR damper and elastic bearings. In order to compare the control performance of a smart top-story isolation system, a passive top-story isolation system is used. In the passive system, an MR damper, as shown in Figure 1 
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The equations of motion of the general building and the top-story isolated building are given by equations (1) and (2) .
where E is a unit vector with a size of [20x1] for applying ground acceleration to each story mass, C F is the MR damper force in the smart top-story isolation system and F E is a location vector of the isolation system. This location vector contains '1' element for the top story and '0' elements for the other stories. In the equations, . In general, a top-story isolation system provides the best control performance when its dynamic behavior is similar to a tuned mass damper (TMD). Generally, the frequency of a TMD is tuned to the first modal frequency of the structure because the motion of a long period structure is generally governed by the first modal response. Accordingly, the stiffness coefficient ( C are the damping matrices of the general building and the top-story isolated building, respectively, and are defined using Rayleigh damping. Classical Rayleigh damping is assumed for the example building with a 2% critical damping ratio in the first two modes. Optimal parameters for the design of a passive TMD proposed by Warburton [11] are employed as shown in equation 3 for passive top-story isolation system. In this equation, the parameter  refers to the mass ratio of TMD with respect to the main structure, and is 5.26%. The optimal damping ratio for the passive top-story isolation system is calculated to be 11.25% using equation (3).
As shown in Figure 2 , the Bouc-Wen model [12] was used to describe how the damping force is related to the velocity and applied command voltage. The MR damper model has a maximum generated force of about 500 kN, depending on the relative velocity across the MR damper with a saturation voltage of 5 V.
Figure 2. Force-velocity relationship of MR damper
In numerical analysis, the model of the example structure is subjected to an artificial ground motion. An artificial earthquake record was created to fit the design response spectrum, representing the seismic characteristics in the regions of low-to-moderate seismicity using the SIMQKE software program [13] . Figure  3 shows the acceleration time history graph of the artificial earthquake. The peak ground acceleration (PGA) of the artificially-generated earthquake was 0.144g, which suggests that the artificial earthquake represents the ground motions for regions of low-to-moderate seismic activity. The artificial ground motion was generated with a time step of 0.01 seconds and its duration was 30 seconds. 
Development of control algorithm for smart top-story isolation
As explained previously, the FLC is used to control the smart top-story isolation system. In the FLC, the 19th floor acceleration and the isolator drift are selected for two input variables and the output variables are the command voltages sent to the MR damper. Fuzzy rules and membership functions are opti- 
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mized using a multi-objective genetic algorithm (MOGA). The reduction of the peak drift of the isolator and the RMS acceleration of the 19th floor are selected as two objectives in a multi-objective optimization process. Each response controlled by the MOGA-optimized FLC is normalized by the corresponding response of the building with a passive top-story isolation system in each objective function. Therefore, if the calculated objective function values are less than 1, the control performance of the smart top-story isolation system is better than that of the passive top-story isolation system. The optimization process of MOGA is presented in Figure 4 . 
Control performance evaluation of top-story isolation system
A numerical model of the 20-story example building structure with a smart top-story isolation system is implemented in SIMULINK and MATLAB. The MOGA based optimization is performed with the population size of 100 individuals. The upper limit on the number of generations is specified to be 1000. As the number of generations increases, the control performance of the elite (i.e. non-dominated) individuals is improved. After the optimization run, the Pareto-optimal front (a set of Pareto-optimal solutions) is obtained as shown in Run time history analysis with earthquake load Evaluate multi-objective functions NO Figure 5 . Figure 5 shows that the J1 and J2 of each solution are less than 1; the smart top-story isolation system can therefore provide better control performance in reducing both the isolation story drift and the 19 th story acceleration compared to the passive system. Consequently, one controller, that can appropriately control both the isolator drift and the 19th floor acceleration responses, has been selected among the Pareto optimal FLCs.
Figure 5. Pareto optimal solutions
The values of J1 and J2 of the selected FLC (marked as a solid circle in Figure 5 ) are 0.318 and 0.901, respectively. Accordingly, the smart top-story isolation system controlled by the selected FLC can reduce the peak drift of the isolator and RMS 19th story acceleration by approximately 68% and 10%, respectively, compared to the passive top-story isolation system. The peak displacement of the 20th story with a passive isolation system is 22.1 cm as shown in Figure 6 . This can be reduced by more than 50% (i.e. 10.9 cm) when a smart isolation system is used. Because the RMS accelerations of the isolated story with the smart system are also less than those of the passive system, it is expected that the smart control system increases the safety of the building structure with a top-story isolation system. The smart top-story isolation system can effectively reduce both the peak displacements and the RMS accelerations of the main structure below the isolation story as shown in Figure 7 . 
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The isolator drift and the 19 th story acceleration time histories of the passive and smart isolation systems are presented in Figures 8 and 9 , respectively. The isolation story drift, which is closely related to the safety of a top-story isolation system, can be considerably reduced by the smart isolation system. If additional damping devices are used in the passive isolation system, the isolation story drift can be reduced. However, the addition of damping may deteriorate control performance of the top-story isolation system. Consequently, a smart top-story isolation system can effectively reduce the seismic responses of both the main structure and the isolated top story. 
Conclusions
In this study, a smart top-story isolation system consisting of an MR damper and low damping elastomeric bearings was proposed to reduce the seismic responses of a building structure. A fuzzy logic control algorithm was developed to effectively control the smart top-story isolation system using a multi-objective genetic algorithm. Both the isolator drift and acceleration response of the example structure were used as objective functions for the multi-objective optimization problem. The optimally-designed passive system was used as a reference for a comparative study. Based on numerical simulations, it can be seen that the smart top-story isolation system can effectively reduce both the main structure and the isolated top story responses compared to the passive top-story isolation system. The MOGA-optimized FLC shows good performance for controlling smart top-story isolation. After a single optimization run using MOGA, an engineer can simply select another FLC that satisfies the desired performance requirements from among a number of Pareto optimal solutions. This may be the most important characteristic of the MOGA based optimization compared to other optimization methods. It is expected that a top-story isolation system is an effective means for mitigating the seismic-induced responses of a tall building. 
